Despite extensive research, current glioma therapies are still unsatisfactory, and novel approaches are pressingly needed. In recent years, both nonreplicative viral vectors and replicating oncolytic viruses have been developed for brain cancer treatment, and the mechanistic background of their cytotoxicity has been unveiled. A growing number of clinical trials have convincingly established viral therapies to be safe in glioma patients, and maximum tolerated doses have generally not been reached. However, evidence for therapeutic benefit has been limited: new generations of therapeutic vectors need to be developed in order to target not only tumor cells but also the complex surrounding microenvironment. Such therapies could also direct long-lasting immune responses toward the tumor while reducing early antiviral reactions. Furthermore, viral delivery methods are to be improved and viral spread within the tumor will have to be enhanced. Here, we will review the outcome of completed glioma virus therapy trials as well as highlight the ongoing clinical activities. On this basis, we will give an overview of the numerous strategies to enhance therapeutic efficacy of newgeneration viruses and novel treatment regimens. Finally, we will conclude with approaches that may be crucial to the development of successful glioma therapies in the future.
In 2013, primary malignant brain tumors and other CNS malignancies were estimated to be diagnosed in 23 130 people and to cause 14 080 deaths in the United States. 1 Of particular concern is the rising incidence over the past 30 years as well as the wide spectrum of symptoms and complications that considerably influence patients' quality of life.
2 Primary brain tumors can be further subdivided into a number of different tumor types, with World Health Organization grade III anaplastic astrocytomas (AAs) and grade IV glioblastoma multiforme (GBM) being the most common types in adults. 2 GBM, known for its infiltrative growth and common expansion to both brain hemispheres, is also the most lethal CNS tumor, with 14.6 months median survival and a disillusioning 5-year survival rate as low as 2%. 3 This dismal prognosis is in spite of aggressive treatment regimens, including extensive surgical resection, focal irradiation, and optimized chemotherapeutic regimens such as temozolomide. 4 Unfortunately, extensive research improving diagnostics by molecular characterization 5 and imaging 6 in addition to surgical techniques 7 and drug delivery methods 8 have only slightly improved glioma therapies, and novel treatments effectively complementing the existing arsenal of drugs are pressingly needed.
Novel, increasingly appreciated treatment modalities are based on viruses with natural or engineered tropism and activity against tumors. The idea to utilize viruses for cancer therapy arose from case studies reporting remissions especially of leukemias and lymphomas that coincided with natural virus infections. 9, 10 However, concerns about serious side effects, technical problems regarding the purity of virus particle preparations, and the advent of chemotherapy halted early pursuits of virus therapy. Its potential was only appreciated toward the end of the twentieth century, supported by extensive gain of knowledge about viral molecular biology and by reverse genetics and recombination systems allowing for rational modification of viral genomes. 11 Now, virus therapies are being exploited for many tumor entities, including gliomas, and can be further subdivided into 2 categories: (i) replication-deficient viral vectors, used as delivery vehicles for therapeutic genes with antitumor activities, such as local activation of chemotherapeutic prodrugs or recruitment and activation of immune cells by cytokines 12 ; and (ii) replication-competent oncolytic viruses (OVs) that specifically infect and replicate in cancer cells, destroy their tumor cell hosts in the course of progeny particle release, and spread throughout the tumor. However, OV-induced tumor destruction is not mediated solely by oncolysis, but also by antitumor immune activation and disruption of tumor blood supply, as well as the activity of virally encoded therapeutic transgenes. 13 Multiple viruses that employ these modalities of anticancer action have entered clinical trials for gliomas with the goal of establishing their safety and show preliminary signs of therapeutic efficacy. In this review, we will give an overview of completed and ongoing clinical trials, their achievements and failures. On that basis, we will highlight how these bedside experiences may be addressed in order to create new generations of virus therapies at the bench that may eventually have a decisive impact on this dreadful disease.
Clinical Experience With Glioma Gene Therapy-Transfer of Therapeutic Genes Is Safe
Classic gene therapeutic approaches utilize viruses to deliver transgenes of interest into a desired cell population, an approach that has been most widely used to reintroduce deleted or mutated genes in patients with hereditary monogenetic diseases, like blood coagulation factor VIII or IX deficiencies in hemophiliacs. 14 The European Commission's recent market authorization of Glybera (alipogene tiparvovec), an adeno-associated viral vector substituting functional lipoprotein lipase in patients with inherited deficiency in this protein, proves that this strategy can be successful and fuels enthusiasm about establishing gene therapies for other diseases. 15 In terms of cancer gene therapy, viral vectors deliver therapeutic transgenes that can mediate tumor cell killing directly or indirectly. The most extensively studied approach is based on the transduction of suicide genes, enzymes that can convert innocuous prodrugs into active chemotherapeutics. The most commonly used system employs herpes simplex virus type I thymidine kinase (HSV-TK), which activates ganciclovir (GCV) into its toxic nucleotide metabolites with very high selectivity for incorporation into DNA. 16 As an additional advantage, the active GCV triphosphate can be transferred to neighboring nontransduced cells via gap junctions achieving considerable "bystander" cytotoxicity. 17 As we discuss in more detail, though, additional data have also shown that HSV-TK can be very immunogenic, and this is likely another important mode of anticancer action. The HSV-TK system has been clinically investigated for its safety and efficacy in glioma treatment in several trials using retroviral or adenoviral vectors to achieve tumor-specific delivery of the transgene (Table 1) . In a randomized, open-label phase III clinical trial for newly diagnosed, previously untreated GBM, Rainov 18 injected an HSV-TK -expressing retroviral vector delivered by PA317 producer cells into the walls of the surgical cavity after gross resection of the tumor followed by i.v. GCV infusions over 14 days in an adjuvant setting to standard radiotherapy. Incidences of serious adverse events in the postoperative period were equal for the gene therapy and the control arm, in which patients received surgery and radiotherapy only. Recapitulating the results of earlier safety studies, no serious adverse events that could be linked to the gene therapy were noted. 19 -22 However, neither median survival (365 days vs 354 days) nor progression-free survival (180 days vs 183 days) was significantly improved in the gene therapy group compared with the standard-of-care control cohort. 18 The investigator proposed that failure of the protocol was at least in part due to poor delivery of both vector-producing cells and the GCV prodrug. 18 In this context, use of adenoviral transfer of the HSV-TK transgene was shown to be a legitimate alternative to the PA317/ retrovirus system, as high viral titers can be produced, nonproliferating cells that are especially abundant in the walls of the tumor cavity after surgery can be transduced, and transduction efficacies are considerably higher. 23, 24 In a seminal phase I trial, both treatments were directly compared in 7 glioma patients each, receiving either 1 × 10 9 retroviral vector-producing cells or 3 × 10 10 plaque-forming units (pfu) of adenoviral vector (AdV-HSV-TK) injected peritumorally into the resection cavity followed by i.v. GCV infusion over 14 days. Within 3 months, all gliomas treated with retrovirally transduced HSV-TK progressed, leading to a mean survival time of 7.4 months (control arm 8.3 mo). In contrast, 3 of 7 patients in the adenovirus group had stable disease for at least 3 months. Furthermore, the mean survival time in this group was significantly prolonged to 15.0 months (P , .012), while the treatment was still well tolerated. 23 Following up on these results, the same study group later performed the first randomized, controlled study demonstrating survival prolongation in patients with operable primary or recurrent high-grade glioma using adenovirally transduced HSV-TK/GCV gene therapy compared with the outcome after surgery and radiotherapy. 25 Tumor bed injection of 3 × 10 10 pfu AdV-HSV-TK after surgical resection and GCV infusion for 14 days resulted in a mean survival of 70.6 weeks, almost double the mean survival of the control group (39.0 wk, P ¼ .0095). In 2 of 17 patients in the AdV-HSV-TK group, viral DNA was transiently detected in serum, and antiviral antibody titers were increased in 6 of the 17 patients, but overall the treatment was well tolerated. 25 An alternative protocol is currently being assessed in a phase II trial for recurrent high-grade glioma: intra-arterial cerebral infusion of AdV-HSV-TK followed by i.v. GCV is being compared with surgery, systemic chemotherapy, or palliative care (NCT00870181). Feasibility of the AdV-HSV-TK was recently corroborated by a phase IB clinical trial in malignant glioma patients receiving 3× 10 10 to 3 × 10 11 AdV-HSV-TK viral particles (vp) injected into the tumor bed after resection, followed by the orally administered prodrug valacyclovir for 14 days followed by temozolomide, and overlapping radiotherapy. 26 While a maximum tolerated dose was not reached in this trial and gene therapy -related adverse events were minimal, median overall survival was 12.4 months. Importantly, CD3
+ T-cell and CD68 + macrophage infiltration was detected in re-resected tumors, suggesting an immunostimulatory effect of AdV-HSV-TK/valacyclovir gene therapy. 26 Both viral delivery and the immunogenic transgene itself add to this effect based on the mode of cell death that involves the HSV-TK suicide system releasing tumor-associated antigens. 27 -31 Radiation and chemotherapies will act synergistically in this respect, 32, 33 which has encouraged the realization of a phase II trial for this therapeutic approach (NCT00589875). 26 Additionally, safety of AdV-HSV-TK/ valacyclovir gene therapy in combination with radiation is being investigated for pediatric brain tumors, including GBM, AAs, and recurrent ependymomas (NCT00634231).
Interestingly, this immunostimulation can be directly exploited in a second gene therapeutic approach in which immunomodulatory transgenes are virally transduced. The resulting immune activation may present one way of overcoming the problem of insufficient transduction efficacies, as uninfected cells can also be affected. In a recent phase I clinical trial, an adenoviral vector with E1 and partial E3 gene deletions, rendering the virus replication incompetent, was utilized to achieve sustained longterm expression of interferon (IFN)-b in glioma patients 34 in order to improve the encouraging outcome of brain tumor Review 
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Neuro-Oncology treatment with IFN-b recombinant protein. 35 Gene therapy was applied intratumorally (i.t.) 4 to 8 days before surgical removal of the tumor as well as into the tumor bed directly after resection. 34 Doses ranging from 2 × 10 10 to 2 ×10 11 vp were generally well tolerated, with the exception of 1 patient in the high-dose group who suffered from severe confusion likely to be related to adenoviral treatment. Detection of the therapeutic transgene both in the tumor and systemically as well as the induction of intratumoral apoptosis, inflammation, and/or necrosis warrant further clinical investigation of this approach, although the exact dosing will have to be carefully chosen. 34 Immuneactivating transgenes may also enhance the immunostimulatory effects of prodrug-activating enzymes (see above), as exemplified by a phase I/II study using i.t. injection of PA317 cells producing a retroviral vector expressing both HSV-TK and human interleukin (IL)-2 plus i.v. GCV in 12 patients with recurrent GBM. 36 Tumor responses were observed in 50% of patients, and the median overall survival was 7.5 months. Importantly, local and systemic levels of IL-2, IL-10, IFN-g, and tumor necrosis factor -a (TNFalpha) were persistently elevated, suggesting the induction of a type 1 T helper cell immune response, although functionality of antitumor-specific T-cell response was not analyzed. 36 Future applications of this dual-transgene approach might benefit from the use of the intrinsically more immunogenic and more efficiently transducing adenoviral vectors, whose coding capacity after E1 and E3 gene deletion should suffice to insert 2 transgenes. Alternatively, individual delivery systems could be used, as exemplified by the direct administration of IL-2 as an adjuvant to AdV-HSV-TK gene therapy 37 or the combination of 2 adenoviral vectors expressing HSV-TK and the monocyte chemoattractant protein chemokine C-C ligand 2 (CCL2). 38 The latter concept has recently reached the stage of clinical investigation using AdV-HSV-TK and AdV-Flt3L, an adenoviral vector expressing the fms-like tyrosine kinase -3 ligand (Flt3L), which recruits antigenpresenting cells like dendritic cells and macrophages into the tumor microenvironment and thus triggers cellular and humoral antitumor immune responses. 39 In a rat model of GBM recurrence, the combination of these 2 vectors was capable of inducing immunological memory to recognize tumor-associated antigens that were unique to the recurrent tumors but absent in the original neoplasm. 40 The phase I dose escalation trial will assess the impact of 10 10 -10 11 vp AdV-HSV-TK and 10 9 -10 11 vp AdV-Flt3L administered i.t. after surgical resection in combination with oral valacyclovir, temozolomide, and radiation therapy (NCT01811992). Of note, the same study group has also developed a bicistronic adenoviral vector that encodes both transgenes in an attempt to reduce the administered vector load in a future trial. 41 Putting a new twist on the gene therapy approach, viral gene transfer has also been utilized to protect from hematopoietic side effects of aggressive chemotherapy in brain tumor patients. 42 The concept was investigated in a pilot study, in which the patients' granulocyte colony-stimulating factor -mobilized peripheral blood progenitor cells were collected, enriched for CD34 expression, and transduced with a retroviral vector expressing methylguanine DNA methyltransferase (MGMT). After reinfusion into the patient, the transduced hematopoietic progenitor cells should be more resistant to alkylator therapy with procarbazine, CCNU, and vincristine, reducing the often dose-limiting myelosuppressive side effects. Although a therapeutic benefit could not be detected due to low patient numbers and variability in the number of treatment cycles, the study confirmed that engraftment of progenitor cells was not influenced by the ex vivo transduction procedure, that transduced cells were present for up to 11 months after the first infusion cycle, and that no serious adverse events occurred that could be linked to the engrafted cells. 42 Clearly, transduction efficacy and longevity of engraftment will have to be improved. Currently, a variation of this system is clinically being investigated using a mutated version of MGMT that is incapable of binding the guanine analog O 6 -benzylguanine while retaining its DNA repair functions. 43 Patients will receive O 6 -benzylguanine in combination with temozolomide and radiation therapy in order to treat newly diagnosed GBM after gross tumor resection. The autologous hematopoietic stem cells reinfused into the patients after ex vivo gene transfer with a retroviral vector expressing the MGMT mutant should be protected from O 6 -benzylguanine treatment, giving them a selective advantage that should prolong the time these cells remain in the system. 44, 45 The ongoing phase I clinical trial will compare the safety and feasibility of gene therapy after and prior to concurrent chemoradiotherapy with survival and tumor responses included in the secondary outcome measures (NCT01269424).
Overall, there is a great body of evidence establishing the safety of glioma gene therapy. However, the efficacy of this approach still has to be proven, especially since most studies have been early phase trials and have not included sufficient numbers of subjects to draw conclusions with respect to therapeutic benefits. After 2 decades of clinical investigation, achieving higher transduction efficacies, greater vector stability, and extended transgene expression are still the issues that need to be addressed in order to realize therapeutic success. However, the recent trend toward combination of gene therapy with other treatment modalities is promising in order to more fully attack both the tumor and its microenvironment.
Clinical Experience With Glioma VirotherapyEmploying Replicating Viruses for Glioma Increases Cell Killing Modalities
One way to tackle the problem of low transduction efficiency and rapid vector loss is the use of replication-competent viruses that specifically infect and replicate in tumor cells while sparing normal cells. During progeny particle release, tumor host cells are destroyed and tumor-associated antigens are released, while progeny virions infect neighboring tumor cells. Ultimately, viral infection should spread throughout the tumor, leading to complete tumor destruction by various mechanisms, including direct oncolysis, induction of an antitumor immune response, cancer cell starvation by destruction of tumor vasculature, and the activity of virally encoded therapeutic transgenes. 13 Oncolytic viruses have been developed for various types of cancer, with the first-in-human approval of the oncolytic adenovirus H101 for head and neck cancer in China 46 and with an advanced efficacy trial of i.t. delivered oncolytic HSV talimogene laherparepvec (formerly known as Onco-VEX) for patients suffering from metastatic melanoma, which is completing a phase III trial with very encouraging results. 47 Clinical assessment of OV therapy for glioma is at the phase I/II stage, with various virus species and strains being exploited Review ( Tables 2 and 3 ). The suicide gene therapy approach discussed in the previous section combined with a replicating virus is exemplified by Toca 511 (also called vocimagene amiretrorepvec), a replicating retroviral vector expressing the prodrug activating enzyme yeast cytosine deaminase, which can convert the innocuous prodrug 5-fluorocytosine (5-FC) into the active chemotherapeutic agent 5-fluorouracil (5-FU). 48 Since the activated drug is readily diffusible, this suicide gene system is characterized by an extremely strong bystander effect on uninfected neighboring cells, which, as opposed to the HSV-TK/GCV system, functions independently of cell-cell contacts. 49 Of note, 5-FU is not a component of standard chemotherapeutic regimens for gliomas, although derived cells are susceptible to 5-FU in vitro and in preclinical rodent models. 50 However, the in situ prodrug activation within cytosine deaminase -transduced tumor cells is thought to be more effective than systemic 5-FU as administered in classic chemotherapy. Furthermore, the replicative nature of the transducing virus is supposed to prolong transgene expression compared with replication-defective gene therapy vectors, thus increasing the therapeutic benefit. Toca 511 is being investigated in a phase I/II trial for recurrent high-grade glioma after i.t. injection in combination with up to 6 orally applied 5-FC cycles (NCT01156584), as well as in a phase I trial in which the virus is injected into the tumor bed after surgical removal of recurrent malignant brain tumors and combined with 3-week-long 5-FC cycles (NCT01470794).
The most extensively studied viruses in oncolytic glioma therapy, however, are recombinant HSVs with deletions of both viral copies of the ICP34.5 gene, rendering the virus nonneurovirulent. 51 The virus designated as HSV1716 was evaluated in a total of 33 patients in 3 consecutive safety trials and was well tolerated after administration into the tumor or the tumor bed after resection. 52 -54 The initial trial proved that encephalitis did not develop after i.t. injection of 10 5 pfu of HSV1716, 52 and the follow-up trial revealed seroconversion in previously HSV-naïve patients and detectable viral DNA levels at distal tumor sites in 4 of 12 patients. 53 Furthermore, in 2 patients, live virus could be recovered from resected tumors 5 to 6 days after HSV1716 injection, and viral DNA copy numbers higher than the administered dose were detected at the injection site in 4 cases, indicating some degree of viral replication in human gliomas.
53 HSV1716 injection into the resection cavity in a third trial was similarly safe, and stable disease for up to 22 months was achieved in 3 of 12 GBM patients. 54 Similarly encouraging data resulted from 2 trials using another ICP34.5-deleted HSV, G207, whose ICP6 gene encoding the viral ribonucleotide reductase is inactivated in order to achieve an additional layer of safety, since this enzymatic function is cellularly complemented in actively proliferating glioma cells but not in quiescent cells surrounding the tumor. 55 This mutation also has been shown to target replication to cells defective in the p16 tumor suppressor gene, regardless of their cell cycle state, thus providing the biologic rationale for tumor-specific replication. 56 In an initial dose escalation trial in 21 patients suffering from GBM or AA, up to 3× 10 9 pfu of G207 were safely injected i.t. without signs of encephalitis or serious adverse events unquestionably linked to the virus. 57 More recently, safety of G207 was confirmed when administered in a 2-step protocol, in which 13% of the total 1.15 × 10 9 pfu were infused i.t. via a catheter and the remainder of the viral dose was injected 2 or 5 days later into the resection cavity after surgery. 58 Although viral replication was convincingly detected in one of the patients, efficacy of the treatment could not be evaluated due to the low numbers of subjects. A third oncolytic HSV has entered a phase I/II GBM trial in Japan that has been escalating the dose of 2 consecutive i.t. injections of G47D, which harbors an ICP47 gene and Us11 promoter deletion in addition to those present in G207 (JPRN-UMIN000002661). Due to earlier Us11 expression and hence earlier inhibition of innate antiviral immune responses, this deletion has been shown to increase yields of ICP34.5-deleted viruses in many cancer cells in vitro without increasing neurovirulence. 59 Furthermore, lack of ICP47 led to a disinhibition of the transporter associated with antigen processing, resulting in enhanced major histocompatibility complex class I -restricted presentation of endogenous, tumor-associated antigens and thus the stimulation of antitumor immune responses. 59 These properties of G47D can potentially increase the efficacy of oncolytic HSV treatment, and results of the Japanese trial are highly anticipated.
The influence of antitumor immune activation on the outcome of glioma virotherapy has also been exploited in the context of a phase I dose escalation trial using ONYX-015, an oncolytic adenovirus with selectivity for tumor cells that can substitute for RNA export functions lost by the deletion of the E1B-55K gene in the virus genome. 60 -62 The virus was injected into the tumor bed after resection at doses ranging from 10 7 to 10 10 pfu: no serious adverse events unequivocally attributed to ONYX-015 were observed, and a maximum tolerated dose was not reached. Interestingly, in 2 patients tumor recurrence was diagnosed on the basis of gadolinium enhancement, and histological analysis of the resected recurrent tumors revealed considerable perivascular lymphocyte infiltration in tumor tissue, but not in the surrounding tumor parenchyma. 60 This "pseudoprogression" 63,64 is a phenomenon that has also been noticed with immunotherapeutics, 65 which raises the question of whether radiologic criteria for activity of biologic agents should be redefined, as recently published with the Response Assessment in Neuro-Oncology criteria. 66, 67 Using these criteria, initial progressive disease can be monitored serially in order not to miss long-term effects with delayed kinetics induced by immune activation. This should also be considered when evaluating the 2 ongoing clinical trials of recurrent gliomas with the oncolytic adenovirus DNX-2401 (also known as Delta-24-RGD). In addition to the Delta-24 mutation, which allows for replication only in cells that are defective in the retinoblastoma protein tumor suppressor, 68 this virus' tumor specificity is initially determined at the level of viral host cell recognition. The cyclic arginine/glycine/aspartic acid (RGD) peptide inserted into the viral fiber knob (ie, the viral capsid region responsible for attachment to host cells) directs the virus toward integrins, which are highly expressed in gliomas, but whose expression of the natural coxsackievirus and adenovirus receptor is relatively low. 68 This potentially increases the active dose in the tumor, since the virus is not sequestered in off-target tissues. In both trials using DNX-2401 (NCT00805376, NCT01582516) the virus is injected locally, and this mode of tumor specificity should add to the safety profile of the virus and potentially boost its potency. Preliminary results have been recently announced for one of these trials (NCT00805376): a single dose of i.t. injected DNX-2401 was well tolerated and led to stable disease, partial or complete responses in 52% of GBM patients with survival for up to 4 years. 69 
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The delayed kinetics of therapeutic effects associated with an adaptive antitumor immune response is becoming a recurrent theme in OV trials. The ongoing trial for recurrent GBM using the engineered poliovirus PVS-RIPO provides another example (NCT01491893). The OV is based on the Sabin poliovirus vaccine targeting cancer cells via nectin-5, a receptor overexpressed on several malignancies, including GBM. Its neuropathogenicity is ablated by the exchange of the internal ribosomal entry site of poliovirus with that of human rhinovirus 2, modulating translation initiation. 70 While the single dose escalation trial for i.t. infusion of PVS-RIPO by convection-enhanced delivery is ongoing and still recruiting patients, encouraging preliminary results have been recently presented: in 3 of 7 patients, complete responses were achieved, but the reduction in tumor size was delayed by months after virus administration. 69 Delayed biopsies of injected tumors revealed extensive glioma necrosis and immune infiltrates comprising macrophages and lymphocytes attributed to an antitumor response, as opposed to direct viral oncolysis, since an antibody response led to viral clearance within 2 weeks. 69 Clearly, any conclusion will need to await the published results of this trial, which may also shed further light on the mechanisms underlying the antitumor immune activation induced by transient viral replication and oncolysis.
While the tumor specificity of all the OVs we have mentioned has been engineered, several unmodified viruses with natural tumor tropism have been clinically investigated in the context of brain tumors. One is Reolysin, the Dearing strain reovirus, which relies on Ras signaling pathway activation for productive viral infection and is thus naturally targeted to malignant cells with aberrant Ras activity. 71 A phase I clinical trial established the good tolerability of i.t. administration of Reolysin in recurrent malignant gliomas without a maximum tolerated dose being reached. 72 There has been one stable disease response, reported for 39 weeks in a patient with anaplastic oligoastrocytoma; evaluation of clinical efficacy was not possible due to low patient numbers, heterogeneous diagnosis, and variable pretreatments. Interestingly, in half the patients whose tumors were reoperated upon, plasma cell aggregates not present in biopsies taken at entrance into the study were found, 72 in agreement with similar observations made after treatment with ONYX-015 as discussed above. 60 Future trials optimizing administration and assessing efficacy may be worthwhile, especially considering the success with Reolysin treatment in other malignancies that has led to the initiation of an advanced phase III trial investigating the benefit of i.v. infused Reolysin as an adjuvant to chemotherapy in squamous cell carcinoma of the head and neck (NCT01166542).
Unlike the previous trials where i.t. administration was used, systemic OV delivery has been explored for recurrent GBM using the Hebrew University Jerusalem (HUJ) strain of Newcastle disease virus (NDV), another OV with natural tumor selectivity. 64 Intravenous infusion of the virus was safe, and a maximum tolerated dose was not reached. Although tumors of all 11 patients eventually progressed, 1 transient remission was observed and perivascular lymphocyte infiltrates were found in biopsies of 3 patients with tumor growth, judged on the basis of gadolinium enhancement. 64 NDV-HUJ is currently being more extensively investigated in a phase I/II trial in which GBM, neuroblastoma, and sarcoma patients are being systemically treated with 10 10 EID 50 (50% egg infectious dose) per day on 5 or more days a week for at least a year (NCT01174537). Although safety has overall been established for OV therapies in general, safety assessment for this avian virus will be important, based on its longterm, repeated administration into the circulation and potential exposure of people in contact with treated subjects. In fact, NDV-HUJ virus was recovered not only from a tumor biopsy, but also from blood, saliva, and urine samples after the development of anti-NDV antibodies, indicating that these were not neutralizing. 64 The influence of the administration route is being directly compared in an ongoing trial with ParvOryx (NCT01301430), a non-engineered rat parvovirus H1 with natural tropism for malignant glial cells while being otherwise nonpathogenic. 73 Patients will be treated either with a first i.t. dose of the virus applied via a catheter and a second dose into the resection wall after surgery 10 days later or, if no safety concerns arise during dose escalation with this regimen, with 5 viral doses administered i.v. on 5 consecutive days with a 6th dose peritumorally injected into the tumor bed after surgery on day 10. 74 Although this phase I trial is not powered enough to determine ParvOryx efficacy, it will provide useful information related to the active viral dose actually distributing within the tumor with the 2 delivery methods and on safety of this virus, which is the first parvovirus to be tested in clinical trials.
In an alternative attempt to identify the fate of injected OVs, an oncolytic measles virus (MV), based on the Edmonston B vaccine strain, has been engineered to express the soluble, extracellular portion of carcinoembryonic antigen (CEA) in order to monitor gene expression as an indicator for viral replication by measuring serum CEA levels. 75 This method has been validated in a recent phase I trial using i.p. administered MV-CEA in 21 patients with chemorefractory recurrent ovarian carcinoma, in which serum CEA levels rose in a dose-dependent fashion after each of the 6 viral treatment cycles, albeit at decreasing levels. Since anti-CEA antibodies were nondetectable, the gradual decrease in CEA levels may represent a decline in viral spread after repeated administration, indicating inefficient viral replication in humans. 75 At present, the CEA marker is being utilized to monitor viral gene expression as the primary outcome measure in a phase I trial currently at the recruitment stage for patients with recurrent GBM (NCT00390299).
In summary, glioma virotherapy has proven safe and well tolerated, as have the gene therapy approaches. Similarly, clinical investigation of OVs for brain tumors have been or are at the phase I level, for which therapeutic benefit is a secondary outcome measure and patient numbers are generally too low to draw conclusions on antitumor efficacy. However, the ongoing trials utilizing PVS-RIPO and DNX-2401 are encouraging so far and warrant the continuation of their clinical evaluation in advanced efficacy trials.
Taking Clinical Experiences Back to the Bench-Strategies to Enhance Efficacy
Despite the encouraging results of early clinical trials with virus therapies related to safety, several aspects affecting efficacy still need to be improved before therapeutic viruses can have a significant and meaningful influence on survival from brain malignancies. These include the entire range of steps from virus delivery to intratumoral spread, as well as the role that the hypoxic Review microenvironment and the immune system play in determining antitumor effects (Fig. 1) .
With the exception of oncolytic NDV-HUJ 64 and peripheral hematopoietic cells retrovirally transduced with MGMT, 42 all virus therapies have been administered locally into the tumor or the resection cavity after surgery (cf Tables 1 and 2 ). This mode of administration directly brings the virus into the target region, circumventing the blood -brain barrier and exposure to bloodneutralizing antibodies if the subject has been pre-immunized. Free-hand injections, routinely performed in many clinical trials up to now, are being substituted in more recent trial designs with convection-enhanced delivery systems (NCT01582516, 
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Neuro-OncologyNCT01491893). In these, the virus is infused slowly over several hours, and the positive interstitial pressure that prevents viral distribution throughout the tumor is overcome. 76 However, local virus treatment reduces the possibility of getting to distant (micro)metastases, and repeated dosing schedules when administered i.t. are less convenient, ultimately favoring systemic delivery. Although several trials using Reolysin 77 and the oncolytic vaccinia virus JX-594 (Pexa-Vec) 78 in non-CNS malignancies have proven that i.v. injection of OVs is feasible and well tolerated, several factors have been identified that can impede efficient distribution of the OV into the target tumor. These include virus neutralization by preexisting antibodies, complement and coagulation factors, 79 -82 and virus sequestration in the spleen and in Kupffer cells in the liver. 83 Attempts to overcome these problems (Fig. 1A ) are based on pharmacological interventions, such as using polyinosinic acid, and on chemical shielding of viral surfaces using clodronate or polyethylene glycol. 84, 85 Furthermore, a variety of chimeric viruses with neutralizing epitopes exchanged with nonreactive serotype epitopes have been engineered in order to evade neutralization. 86 Another increasingly utilized alternative relies on "carrier" cells, such as mesenchymal stem cells, immune cells, or other cells with tumor-homing capacities, transporting the virus to the tumor while concealing it from serum-neutralizing factors. 13 Preclinically, the applicability of this strategy in the context of brain tumors has been shown with the delivery of a glioma-targeted oncolytic adenovirus by neural stem cells to U87 glioma xenografts in rodent models. 87 The study confirmed not only tumor-directed delivery of the virus by loaded carrier cells, but also transduction of tumor foci in the contralateral hemisphere and reduced off-site infectivity compared with injection of naked virus. 87 The evaluation of carrier cell-delivered virotherapy in humans is in preparation 88 and follows the example of an ongoing trial evaluating carrier cell-mediated nonviral gene therapy for recurrent high-grade glioma, in which treatment with neural stem cells engineered to express cytosine deaminase in combination with oral 5-FC is evaluated (NCT01172964). Importantly, preclinical studies showed a two-thirds reduction in tumor mass as a result of this treatment 89 and no influence of radiation, corticosteroid, or alkylator pre-or cotreatments on carrier cell tropism, 89, 90 suggesting that carrier cell administration is compatible with established glioma therapies. Additional mechanistic insight into the tumor-homing capacities of carrier cells will further support the application of this technology.
Once the virus has reached the tumor, target cell specificity has to be ensured in order to minimize side effects. Although safety has not been an issue in the completed glioma trials, it will still need to be closely monitored in the future, as the administered doses will likely rise due to improved manufacturing techniques that will allow for virus preparations with higher titers. Furthermore, new and more potent OVs are being engineered and tested. On the one hand, tumor cell targeting has been achieved at the level of viral entry (Fig. 1B) , as discussed above in the context of DNX-2401, specifically recognizing integrins on the tumor cell surface. 68 Typically, entry targeting involves both the destruction of natural receptor binding and the introduction of novel tropism to a surface molecule exclusively present or overexpressed on tumor cells. In addition to peptide-mediated targeting, as in DNX-2401, retargeting can be achieved by use of chimeric surface proteins exploiting distinct tissue tropisms of alternative serotypes or viruses 86 or by introduction of antibody-derived moieties in case of enveloped viruses like MV and HSV, allowing for targeting of virtually any surface protein of interest. 91 The flexibility of antibodyderived molecules can be specifically exploited for gene therapeutic approaches when combined into bispecific adaptors that can bridge the viral vector to the target cell. 92 On the other hand, tumor specificity can be achieved at a postentry level limiting (trans)gene expression and/or viral replication and cell lysis to malignant cells (Fig. 1B) . Several examples are provided by the clinically investigated viruses HSV1716, 52 -54 G207, 55 G47D, 59 ONYX-015, 60, 93 and DNX-2401, 68 in which deletion of essential viral genes is exclusively complemented in tumor cells but not in surrounding healthy tissue. Alternatively, viral replication can be limited to tumor cells by the introduction of micro-RNA target sites into viral genomes, silencing transgene expression or virus replication in off-target cells that express the corresponding microRNA, while viral gene expression is unharmed in tumor cells in which the microRNA is downregulated. 94 Feasibility of this approach for gliomas has been established using a miR7-regulated MV 95 and an oncolytic Semliki Forest virus with miR124-mediated attenuation of neurovirulence. 96 Additional microRNAs that could be exploited in this context include miR128 and miR137. 97, 98 Importantly, microRNA-mediated targeting is a highly universal tool that should be applicable to all virus families and to both nonreplicating and oncolytic viruses. Furthermore, microRNAs overexpressed in GBM, like miR21 or miR221, 97 can be utilized to silence genes capable of negatively influencing viral replication, making microRNA targeting an extremely flexible tool for future safe and more potent virus therapies.
A third possibility for post-entry targeting relies on tissue-or cell type -specific promoters that drive viral replication and/or transgene expression. In fact, transcriptional targeting is the most widely investigated approach for regulation of viral gene expression and has been recently reviewed. 99 The most notable examples with respect to glioma virus therapy include a conditionally replicating adenovirus whose E1 gene expression is regulated by the promoter of the glial fibrillary acidic protein in addition to the E4 gene under the control of a Ki67 promoter 100 and oncolytic HSVs whose ICP34.5 virulence gene expression is controlled by the promoters of the RNA binding protein Musashi1 101 or of the intermediate filament nestin. 102 Of note, the nestin promoter has been found to contain several methylation sites, limiting promoter activity, ICP34.5 expression, and consequently replication and cell lysis. 103 However, combination of virotherapy with demethylating agents like 5-azacytidine reversed this effect in vitro and in vivo, resulting in significant enhanced survival prolongation compared with virotherapy alone. 103 Transcriptional targeting will most likely be included in the design of many next-generation viruses with potentially improved therapeutic efficacy.
GBM is characterized by hypoxia-mediated necrosis and vascular proliferation with hypercellular "pseudopalisades" encircling necrotic nests. 104 Indeed, hypoxia is associated with worse clinical outcomes and is believed to influence the biology of GBM stem cells. 105 At the molecular level, hypoxia is associated with the intracellular accumulation of hypoxia-inducible factor (HIF)1a, enabling the formation of a HIF-1a/HIF-1b heterodimer and hence transcription initiation of a plethora of genes involved in survival, angiogenesis, metastasis, chemo and radiation resistance, and others. 105 Virus therapies, however, can take Review advantage of this tumor-specific hypoxic environment in line with the concept of transcriptional targeting described above (Fig. 1C) . Both adenovirus 106, 107 and HSV 108 have been controlled by HIF-1a response elements to limit viral replication to hypoxic tumor cells, while a replication-deficient adeno-associated virus has been developed to express its transgene in a hypoxia/ HIF-1a -dependent fashion. 109 Additionally, viral yields of the oncolytic HSV G207 were higher when grown under hypoxic, as opposed to normoxic, conditions both in vitro and in vivo, likely due to an evolutionary adaption of HSV to hypoxic environments in brain or oral mucosa during natural virus infection. 110 In summary, virus therapies not only may be less affected by hypoxia in GBM than chemo-or radiotherapeutic approaches, but can instead capitalize on this condition.
A key problem underlying the lack of efficacy in early clinical trials is limited viral biodistribution within the tumor (Fig. 1D) . This issue starts with the need for increased vascular permeability in the tumor, as dense tumor stroma and inadequate lymphatic drainage counteract vascular leakiness in tumors and thus hinder virus extravasation and diffusion. 13 In this context, preadministration of systemic IL-2, bradykinin analogs, or tumor necrosis factor -a has been proposed to support viral spread. 13 Furthermore, viral mobility through the tumor is inhibited by substantial tumor stroma, 111 and pharmacological or enzymatic destruction of the extracellular matrix has been beneficial in preclinical models: the angiotensin II receptor antagonist losartan could indirectly support intratumoral spread of oncolytic HSV by reducing the collagen I content in several tumor xenografts. 112 Similarly, oncolytic adenoviruses and HSVs expressing matrixdegrading enzymes like hyaluronidase 113 or a chondroitinase ABC (ChaseABC), 114 respectively, were characterized by enhanced spread and therapeutic activity. Of note, some viruses not as extensively studied in glioma trials intrinsically possess properties that facilitate intratumoral spread. These include MV dispersing via cell-to-cell fusion and vaccinia virus subspecies penetrating neighboring cells via an actin tail propeller, both of which have been proven safe for oncolytic applications in clinical trials for non-CNS tumor entities. 13 Although the brain is classically considered an immunoprivileged organ, the immune system clearly influences viral therapies of glioma. It is important to note that the immune system plays an ambivalent role in this context, and the details of when which aspect of the immune system acts in synergy with or against therapeutic viruses are still under intense investigation. On the one hand, preexisting immunity toward the virus negatively impacts delivery and spread as discussed before, although it can be considered a safety feature often leading to seropositivity as a "safety" inclusion criterion for early clinical trials. In addition to viral engineering approaches, 86 carrier cells have been used to shield therapeutic viruses from preexisting immune factors besides facilitating targeted delivery. 13 Importantly, premature lysis of the carrier cells before reaching the target tissue needs to be avoided. The recently developed adenoviral vector proAdD24.GFP, which is initially replication defective but can be genetically activated into a replication-competent form, provides a potential tool to ensure minimal toxicity to carrier cells. 115 Another strategy to overcome early antiviral effects by the host could be temporary immunosuppression/immunomodulation (Fig. 1E) . Metronomic cyclophosphamide (CPA) regimens were shown to enhance therapeutic effects of several OVs in rodent disease models 116 ; for example, CPA pretreatment enhanced oncolytic HSV replication and therapeutic efficacy in a rat glioma model. 117 As a result, CPA administration is included in ongoing clinical trials using oncolytic adeno-and reoviruses and MVs in several malignancies (NCT01598129, NCT01240538, NCT00450814). However, CPA can also have immunostimulatory activities and in rare cases even induce a cytokine storm within tumors. 118 In addition to preexisting antibodies, the innate immune response-designed to fight off natural virus infectionscan interfere with virotherapy. Recently, early deleterious effects on replication of oncolytic HSV in a GBM mouse model were found to originate from activated natural killer cells infiltrating and lysing infected tumor cells. 119 This effect relied on defined natural cytotoxicity receptors upregulated in infected GBM cells, which ultimately reduced the efficacy of HSV treatment in vivo. 119 Furthermore, HSV replication was negatively impacted by both peripheral CD163
+ and brain-resident CD68 + monocytic cells, both found to be upregulated in GBM treated with OV. 120 Therefore, pharmacological inhibition of innate immune reactions seems to be beneficial at least at early stages of virus therapies, and these sorts of regimens should be explored in clinical settings.
On the other hand, virus-induced cell death exposes not only viral antigens to the patient's immune system, but also tumorassociated antigens (TAAs) capable of triggering an antitumor immune response and thus facilitating tumor eradication (Fig. 1F) . This epitope spread has been extensively studied in the context of malignant melanomas-for example, studies using murine disease models treated with Reolysin revealed that virus-mediated tumor cell killing could activate both innate and adaptive immune effector cells 121 and that in some systems oncolysis itself was not even necessary for this effect. 122 Additionally, for oncolytic therapy with vesicular stomatitis virus (VSV), a strong correlation was established among viral gene expression, induction of an intratumoral pro-inflammatory reaction, and therapeutic efficacy in vivo. 123 Similar concepts seem to hold true in brain tumors, as indicated by studies using oncolytic minute virus of mice, related to H1 parvovirus. 124 Therapeutic activity achieved in glioma models did not rely only on direct oncolysis, but also on breakage of immune tolerance and the development of a tumor-specific, T cellmediated long-term memory response. 124 Viruses that have been used in attempts to induce antitumor immune responses (Fig. 1F ) have been equipped with immunostimulatory transgenes like the chemokine C-C ligand 5, 125 promoting immune effector cell recruitment, or granulocyte-monocyte colony-stimulating factor (GM-CSF), 126 -128 supporting dendritic cell differentiation and activation of cytotoxic T cells. The GM-CSF -armed vaccinia virus JX-594, one of the trailblazers in clinical translation of oncolytic cancer therapies, was recently preclinically evaluated in 2 immunocompetent animal models establishing therapeutic benefit as well as safety with respect to intracranial treatments triggering a predictable degree of GM-CSF-dependent inflammation and necrosis. 129 Combination treatment with the mammalian target of rapamycin (mTOR) inhibitor rapamycin additionally improved therapeutic outcome, encouraging further evaluation in nonhuman primates and eventual translation to the clinic. 129 As an alternative to immune activators, the TAAs themselves can be encoded in the virus, efficiently priming T cell responses, extensively studied in the context of oncolytic VSV. 130 This type of vaccination with highly immunogenic VSV vectors carrying a cDNA library of normal tissue (ie, a plethora of unknown, untargeted Review Neuro-Oncologyantigens) from a particular tissue cured established tumors derived from the same histologic type, 131 and tumor eradication was found to be dependent on an IL-17 response. 132 Of note, combinatorial use of 3 individual VSV clones resembled the therapeutic activity of the full library, establishing this technology as a powerful tool to identify TAA for a given tumor type or stage. 132 Interestingly, topoisomerase-IIa was identified as a recurrence-specific TAA independently of both tumor type and frontline treatment, although it was not relevant in the primary tumors. 133 In light of the high recurrence rates in GBM, this technology may be highly useful to develop distinct vaccines and pharmacological treatments for the various grades of gliomas with almost exclusive effectiveness specific to a particular glioma stage (ie, newly diagnosed vs recurrent). Other TAAs relevant for immunotherapies of gliomas include the ephrin receptor tyrosine kinase EphA2 134 and fibronectin I. 135 Of note, both immunomodulatory transgenes and TAAs could be delivered by an initially nonreplicative adenovirus designed to be analogous to the above mentioned proAdD24.GFP. 115 The immunostimulation achieved via this gene transfer could then be boosted at a later stage by a switch to the replication-competent oncolytic phenotype.
Certainly, the interplay among a therapeutic virus, the immune system, the tumor, and its microenvironment will determine the benefit patients can derive from viral therapies. As discussed above and more extensively reviewed elsewhere, 136 therapeutic outcome and immunological responses to therapy vary with the virus used and the tumor type treated. A balance between the immunogenicity of the virus and TAAs is necessary in order to achieve robust antitumoral responses, as opposed to antiviral immune reactions. However, it is still not known how much viral replication is needed to achieve an effective immunostimulatory response. The timing and the exact nature of immune activation are variables that require additional investigation in this context.
Future Perspectives-Avenues Back to the Patient Bedside
Several clinical trials have unambiguously demonstrated the safety of oncolytic virus therapies for many tumor entities. While several advanced efficacy trials were able to show therapeutic benefit of virotherapy in non-CNS tumors like malignant melanoma, the potency of virus-based therapies for gliomas remains to be substantiated. In their attempt to raise virus efficacy, researchers have undoubtedly exploited a wide variety of approaches to improve the clinical activity of therapeutic viruses in gliomas, including arming with prodrug-activating enzymes, using novel delivery methods, using one of the GBM hallmark phenotypes (hypoxia), destroying the extracellular matrix for improved spread, and directing the immune system toward a generalized and prolonged antitumor response. Certainly, further characterization of the interaction of therapeutic viruses with the tumor, its microenvironment, and the host immune system will help to derive further improvements to the current arsenal of viruses.
However, from today's standpoint, 2 important aspects may prove key to a meaningful assault on gliomas. Firstly, virus therapies will have to attack those cells within the complex tumor microenvironment that function as tumor-initiating or glioma stem cells (GSCs; most commonly characterized by CD133 surface expression), which are believed to confer resistance to common chemo-and radiation therapies, and thus are thought to potentially be the source of recurrence. 137 Although there is still controversy on the exact origin of GSCs and the hierarchy of tumor cells within gliomas, the existence of a cell population that initiates and maintains gliomas is generally accepted 137 and unequivocally leads to their great potential as therapeutic targets, eliminating the necessity to reach all cells in the tumor mass. Due to their distinct cell killing mechanisms, which differ from those of classic pharmacological or radiation approaches, therapeutic viruses may represent a treatment modality that can actually reach and destroy these cells. Proof of concept for the usefulness of GSC targeting has been provided using a CD133 entry-targeted MV in an orthotopic glioma mouse model, 138 oncolytic HSVs replicating under the control of the nestin 102 or CD133 promoters 69 or expressing soluble tumor necrosis factor-related apoptosis-inducing ligand, 139 and an RGD-targeted oncolytic adenovirus whose replication is dependent on nuclear expression of Y-box binding protein 1 due to a specific deletion in the E1A13S protein. 140 Further investigation of how GSCs can be specifically targeted by therapeutic viruses without inducing resistance will likely result in the development of novel, more potent viral therapies.
Secondly, observations of many monotherapies failing due to development of resistance encourage the development of combination therapies with OVs and other treatment modalities, despite the numerous modes of cell killing employed by therapeutic viruses themselves. In fact, a phase IB trial using nonreplicating AdV-TK in combination with intensive timing radiation and chemotherapy in addition to surgery has already been concluded (see above and Table 1 ) and a follow-up phase II trial is ongoing. 26 Therapeutic viruses have been demonstrated to act on gliomas in synergy with various anticancer drugs, including the alkylator temozolomide, 141 -143 the histone deacetylase inhibitors valproic acid and Trichostatin A enhancing HSV 144 and vaccinia virus 145 replication, as well as adenovirus infectivity, 146 the anti-angiogenic antibodies B20 -4.1.1 147 and bevacizumab, 148 both targeting vascular endothelial growth factor A, and the phosphinositide-3-kinase inhibitor L294002. 149 Additional compounds successfully tested in the context of other malignancies, like doxorubicin, irinotecan, or erlotinib, 69 are also available to be evaluated in brain tumors in combination with OVs. Furthermore, brain irradiation capable of disrupting the blood-brain barrier can support viral delivery: this was employed with systemically administered Reolysin. 69 Viral transduction of the theranostic sodium-iodide symporter (NIS) in combination with iodine-131 is another alternative to enhance antitumor activities of HSV, 150 vaccinia virus, 151 and MV, 152 which allows for noninvasive imaging of transgene expression and thus indirectly allows measurement of viral spread at the same time. Indeed, NIS-based radiovirotherapy with MV showed clear antitumor activity against GBM in both hetero-and orthotopic xenograft models. 152 Combinatorial activities will have to be carefully assessed with respect to dosing and timing. Translation of optimized regimens in animal models, which still remain to be honed with respect to proper recapitulation of human disease properties and viral permissiveness, may also not be straightforward. However, the multimodal attack of chemoviro-and/or radiovirotherapy may Review hold more promise than single agent treatments, matching up glioma heterogeneity and the variety of cell types influencing tumor growth with a medley of therapeutic agents and anticancer mechanisms. Ultimately, such a holistic approach may lead to a multimodal treatment regimen from which patients can derive significant and meaningful benefits, the long strived for but yet unmet goal in glioma therapy.
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